Abstract The Mediterranean Sea has been identified as one of the hotspots for climate change. Intense warming in the Mediterranean Sea may have strong implications for biological activity and ecosystem functioning. To elucidate the effects of warming on planktonic and benthic metabolism, we performed experiments under different increasing temperature regimes, ranging from three to six different temperatures. The lowest range of temperatures assessed was of 2.6°C and the maximum was 7.5°C. Our results suggest that a 6°C warming of the Mediterranean waters may yield a mean increment in planktonic respiration rates of coastal communities of 24 %, higher than the mean increase expected for planktonic gross primary production (9 %). These results confirm earlier theories, and agree with previous experiments, of a higher increase in respiration rates than in primary production with warming, with the subsequent consequences for the carbon cycle, resulting in a negative feedback to climate warming, as ocean communities will capture less CO 2 .
Introduction
Temperature plays a fundamental role regulating metabolic processes (Iriberri et al. 1985; White et al. 1991; Brown et al. 2004 ), but the implications of warming for biological activity and ecosystems functions remain uncertain (Walther et al. 2002) . Warming is expected to increase metabolic rates, both respiration and photosynthetic rates. The Metabolic Theory of Ecology (MTE) predicts respiration rates to increase faster with warming than primary production rates do (Brown et al. 2004; Harris et al. 2006; Sarmento et al. 2010) . Harris et al. (2006) argued that, because the activation energies for autotrophs are half that of heterotrophs, heterotrophic respiration should increase at twice the rate of net primary production rates for every degree increase in temperature. Indeed, Harris et al. (2006) calculated that a hypothetically 4°C warming of a northeastern Atlantic estuary should result in a 20 % increase in net primary production and a 43 % increase in heterotrophic metabolism, resulting in a 16 % decrease in the P/R ratios and an increasing likelihood of system heterotrophy. Müren et al. (2005) reported that the heterotrophic to autotrophic biomass ratio increased five times and the carbon fixation to respiration ratio decreased six times when temperature was raised from 5 to 10°C in mesocosm experiments. Regaudiede-Gioux and Duarte (2012) concluded, on the basis of an empirical analysis of the relationship between plankton metabolism and temperature, that the mean (±SE) activation energy describing the temperature dependence of specific Electronic supplementary material The online version of this article (doi:10.1007/s12237-013-9595-2) contains supplementary material, which is available to authorized users. gross primary production (GPP) and community respiration (CR) rates of planktonic communities in the ocean were steeper for CR (0.71±0.06 eV) than for GPP (0.43±0.07 eV).
A shift from autotrophic to heterotrophic biomass and processes may have important consequences by reverting marine biota from acting as carbon sinks to CO 2 sources, delivering feedbacks to the climate system. Lopez-Urrutia et al. (2006) based on MTE predicted that the differential response of heterotrophic and autotrophic processes to warming would result in a positive feedback with negative consequences to climate warming as ocean communities would capture less CO 2 . This feedback will further aggravate the anthropogenic effects on global warming. This assertion is supported by results from a recent annual manipulated temperature experiment performed by YvonDurocher et al. (2010) on freshwater ecosystems. In this experiment, warmed and control mesocosms acted as net sinks for CO 2 , but the carbon sequestration capacity of the warmed systems was severely compromised, as respiration rates increased faster than primary production, reducing carbon sequestration by 13 % with a 4°C temperature increase (Yvon-Durocher et al. 2010) .
A shift to phytoplankton communities with smaller cell size with warming has been predicted (Falkowski and Oliver 2007; Moran et al. 2010) , consistent with a documented prevalence of picophytoplankton in warmer waters (Agawin et al. 2000) . A shift toward phytoplankton communities of smaller cell size will reduce the efficiency of the biological carbon pump (Moran et al. 2010) , as sinking velocity declines with decreasing cell size. This response may trigger an additional feedback, as reduced ocean carbon sequestration will result in increased CO 2 accumulation in the atmosphere and a faster increase in ocean temperature.
The Mediterranean Sea has been identified as one hotspot for climate change (Giorgi 2006) . The warming in surface waters expected by the end of this century is forecasted to be highest in summer, with a mean seasonal temperature increase of 3.4°C and a lower mean seasonal temperature increase in winter of 2.2°C (Jordà et al. 2012) . Indeed, Vargas-Yáñez et al. (2005) reported warming ranging from 0.03 to 0.04°C year −1 for a coastal station on the continental shelf of the Catalonian Sea at all depths (from 0 to 80 m), which is an order of magnitude higher than previously reported trends in the western Mediterranean. These values must be interpreted with caution because they are obtained from a 30-year record so they may be affected by interdecadal variability. However, they may also indicate the effects of warming. Warming of Mediterranean waters is expected to affect ecosystem metabolism, as predicted from metabolic theory, but this effect has not yet been assessed either for their planktonic or benthic communities. We report here the response of the metabolism of Mediterranean planktonic and benthic communities to experimental warming.
Materials and Methods
Surface water samples were collected in two different Mediterranean areas, both in Majorca Island, (1) lighthouse Cap Salines, with pristine, oligotrophic waters, and (2) Portocolom Bay, a highly impacted eutrophic semienclosed Bay in the Southeast of Majorca Island (Fig. 1) . Sediment cores were extracted from 2.8 m depth at Portocolom by SCUBA diving, containing a random sample of the sediment community, dominated by a meadow of the green alga Caulerpa prolifera (Forsskal) and infaunal macroinvertebrates, as well as the bacteria associated with the sediment and living in the overlying water.
A total of eight experiments to assess the temperature dependence of community metabolism were conducted across three contrasting seasons of the year: winter (February 2007) , summer (August 2007 and 2009 , July 2009 , and September 2008 , and spring (April 2010, Water samples were carefully siphoned into a variable number of 75-mL narrow-mouth Winkler bottles. Between 45 and 81 bottles were filled for each experiment, resulting in 5-10 replicates per treatment, with most treatment having between six and seven replicates. The samples were incubated in "light" and "dark" for 24 h at three to six different temperature regimes (see Table 1 for incubation temperatures).
Sediment cores dimensions were 8.5 cm diameter (with a surface of 56.7 cm 2 ) and 30-cm high with the bottom stopper filling 2 cm. The water high in the cores averaged 18.8±0.3 cm, with a sediment high averaging 9.2±0.3 cm. Sediment cores were also incubated in "light" and "dark". Incubation times in sediment cores varied between 5 h for dark cores and 24 h for light ones. The reason for performing shorter incubation times in the dark was due to higher respiration rates that lead to anoxia in the dark cores after 24 h of incubation. Before incubation, rubber stoppers used to extract the sediment cores were replaced by methacrylate stoppers with an o-ring that avoid gas diffusion between sediment overlying water in the core and incubation water. These methacrylate stoppers had three additional holes with rubber stoppers to sample water after incubation.
To determine initial oxygen content in the sediment cores, after changing rubber stoppers by methacrylate ones, Winkler bottles were carefully filled by siphoning overlaying water of the sediment cores using a silicon tube fitted in one of the three holes of the methacrylate stopper. The same procedure was done to determine final oxygen content in the sediment cores after incubations.
Initial samples were fixed immediately. All other bottles and sediment cores were incubated in 1,500-L tanks with running seawater, previously warmed with solar heat during 3 days without water flow exposed to sunlight in the experiments conducted in August 2007 and September 2008 . In February 2007 , the incubation of the bottles was made in the laboratory in 50-L aquaria illuminated with artificial light and warmed using thermostats and cooling systems. In July and August 2009, the incubations were conducted in 500-L tanks with seawater warmed with thermostats and illuminated with artificial light. In April 2010, only dark respiration was evaluated by incubating the bottles in 50-L tanks with seawater warmed with thermostats. When samples were illuminated with artificial light, the irradiation intensity was comparable to the one in situ.
Dissolved oxygen in the bottles was fixed immediately after the end of the incubation period and analyzed by highprecision Winkler titration, following the recommendations of Carritt and Carpenter (1966) , using a precise automated titration system with potentiometric (redox electrode) endpoint detection (Mettler Toledo, DL28 titrator) (Oudot et al. 1988 ). In July and August 2009 and April 2010, dissolved oxygen was analyzed by spectrophotometric modification of the Winker method, following the recommendations of Roland et al. (1999) .
Community respiration rates (CR) were calculated from the difference between the mean initial oxygen concentration and the mean oxygen concentration in the dark bottles or cores after incubation. Net community production (NCP) was calculated from the difference between the mean oxygen concentration in the clear bottles or cores after incubation and the mean initial oxygen concentration. Gross primary production (GPP) was calculated as the sum of NCP and CR and standard errors using error propagation. Planktonic metabolic rates are reported in millimoles of O 2 per cubic meter per day and benthic metabolic rates in millimoles of O 2 per square meter per day.
The Q 10 (the relative rate of increase in respiration rate expected for a 10°C temperature increase) was calculated using the equation (Raven and Geider 1988) :
where R is the gas constant (8.314472 mol We have adjusted linear mixed effects models with R statistical software. We have combined all the data from the same metabolic rate in a single analysis and looked for the relationship between the natural logarithm of the given metabolic rate and temperature as continuous variable (1/kT). To account for temporal pseudo-replication in the statistical model, we included sampling dates nested to sampled site to account for temporal random effects. We have also used sampling sites as fixed factors to check spatial differences.
Additionally, we have estimated the seasonal temperature dependence of community respiration for each costal site, adjusting lineal models with R statistical software, using only the metabolic rates measured at in situ temperature.
Results
Planktonic respiration rates measured at in situ temperature ranged over one order of magnitude from 0. Activation energies for planktonic respiration and GPP derived from the mixed effect model were 0.34±0.36 and 0.11±0.51 eV, respectively. Results of the model did not show significant differences in the intercept of the relationship between Ln of metabolic rates and inverse of the temperature (1/kT) for the sampling sites (Fig. 2, p>0.05) . The experimental Q 10 value for respiration and for GPP for the current Mediterranean planktonic communities derived from the combination of all data in a single mixed effect model were found to be 1.59±0.78 and 1.17±0.81, respectively.
Benthic communities showed higher calculated activation energies for benthic GPP than for community respiration (1.26 ±1.73 and 0.47 ± 0.39 eV, respectively, using mixed effects model), resulting in Q 10 values for respiration and for GPP of 1.89±1.00 and 5.66±13.4, respectively.
For individual experiments, increased temperature led to enhanced community respiration rates in 91 % of experiments. There was considerable variability in the relationships between community respiration rates and temperature, including one experiment where respiration rates declined with increasing temperature, measured in Cap Salines in August 2007. In some of the experiments, the response to warming was ambiguous, without a clear relationship between respiration and temperature, as that for planktonic respiration in April 2010 in Portocolom (Table 2, Figs. S1-S3). Warming led to increased gross community production (GPP) rates in half of the experiments (Table 2, Figs. S1-S3).
The slope of the relationships between the natural logarithm and the inverse of the temperature multiplied by the Boltzmann constant (1/kT) also changed greatly across experiments, indicative of a broad range of Q 10 and activation energy values across experiments (Table 2) . Only six experiments from a total of 27 (22.2 %) showed a statistically significant relationship between the natural logarithm of respiration (Ln R) and the inverse of temperature multiplied by the Boltzmann constant (1/kT). The low frequency of experiments with significant Arrhenius relationships between Ln R and 1/kT was attributable to the low power of the analysis, as the experiments only had between three and six data points to test this relationship. The narrow range of temperature variations leads to limited power in resolving the activation energy in the relationships. However, metaanalysis derived from the combined probability of the relationships obtained for individual experiments showed that there is indeed an overall tendency for a significant, negative relationship between Ln R and 1/kT (χ 2 test, p<0.001, cf. combining probabilities from all individual tests of significance; Sokal and Rohlf 1995) . This method adds the logarithms of p values from each Fisher exact test to produce a single chi-square statistic (χ 2 ) as follows: χ 2 =− 2∑ i ln P i . The p value for this chi-square statistic was computed with 2n degrees of freedom, where n is the total number of independent tests.
Fitted Q 10 values for respiration ranged widely from 0.46 ± 0.11 to 31.58 ± 15.62, with the minimum value corresponding to a summer experiment performed in August 2007 and the higher Q 10 value to a winter experiment performed in February 2007, both with planktonic communities in Cap Salines (Figs. S1 and S4). Q 10 values Fig. 2 Results of mixed-effects models showing the effect of temperature (1/kT) on a planktonic respiration, b planktonic gross primary production, c benthic respiration, and d benthic GPP. To account for temporal pseudo-replication, the statistical model includes sampling dates nested to sampling sites to account for temporal random effects and sampling sites as fixed factors to check spatial differences. Black dots represent data from Portocolom and white dots from Cap Salines. for respiration were significantly lower in summer (mean± SE = 2.4 ± 0.6) than in spring (19.8) or winter (31.6, F=233.31, p<0.0001). Q 10 values for benthic respiration (mean±SE=2.96±0.94) were lower than those for planktonic community respiration (11.53±6.09), but these differences were not statistically significant (F=0.71, p>0.05).
Although there were not significant differences in Q 10 between sampling sites (F=3.55, p>0.05), Q 10 values for respiration for Cap Salines had a wider range (0.46 to 31.58) than for Portocolom (1.23 to 3.90). Fitted Q 10 values for gross primary production ranged broadly from 0.20±0.14 to 9.07±2.88, both values calculated for planktonic community experiments performed in summer, the minimum value at Cap Salines in August 2007, and the maximum Q 10 value at Portocolom in August 2009. The mean calculated Q 10 for planktonic GPP was 3.35±2.87 and the median value was 0.76 (Figs. S1-S4) .
The activation energy (E a ) for respiration ranged between 0.14 and 2.31 eV, with a mean±SE value of 1.04±0.31 eV throughout. Although activation energies tended to be higher in planktonic communities (mean ± SE = 1.17 ± 0.42 eV) than in benthic communities (mean±SE=0.70± 0.22 eV), there were not significant differences in E a among community type (F =0.45, p>0.05). Activation energies tended to be higher in winter (2.31 eV) than in summer (0.70 eV) and spring (1.07 eV), but these differences were not statistically significant (F=2.21, p>0.05). Activation energies were significantly higher in Cap Salines (mean± SE=2.16±0.21 eV) than in Portocolom (mean±SE=0.59± 0.13 eV, F=40.66, p<0.002).
There were not statistically significant differences in metabolic rates between warmed samples and that measured at in situ temperature for any of the two sampled sites (p>0.05) when testing for both planktonic and benthic communities. When testing each community type separately, only benthic community respiration showed statistically higher CR at warmed treatments that at in situ temperature (F=6.34, p<0.05).
Community respiration seasonal temperature dependence was estimated to have an activation energy of 0.93±0.17 eV for site Cap Salines (p<0.05, R 2 =0.94). In Portocolom, this relationship was not significant (p>0.05).
Discussion
Warming experiments showed that benthic respiration rates were enhanced with warming in all experiments, whereas in one of the eight experiments planktonic respiration rates decreased with increasing temperature. In contrast, gross primary production only increased with incubation temperature in half of the experiments, but only three out eight showed a significant Q 10 value.
The experimental Q 10 values for respiration for the current Mediterranean planktonic communities varied greatly from 0.46 to 31.58 across experiments, compared with reported Q 10 values for respiration of temperate planktonic communities ranging between 4.0 and 10.55, with a mean of 5.53±0.59 and a median of 4.96 (Lefevre et al. 1994) or the Q 10 value of 1.9 reported for Mediterranean bacterial respiration (Vazquez-Domínguez et al. 2007) (Fig. 3) . The experimental Q 10 values for respiration for the current Mediterranean benthic communities varied between 2.02 and 3.9 across experiments. These results were comparable to Q 10 values for respiration of the macroalgae Caulerpa prolifera, the macroalgal species dominating the benthic community at Portocolom, reported to range between 1.41 and 2.6 (Terrados and Ros 1992) and to the Q 10 value for ecosystem respiration of 1.46 calculated from metabolic rates assessed with continuous measurements of dissolved oxygen integrated over almost a year at the same sampling site (Vaquer-Sunyer et al. 2012) .
The experimental Q 10 values for Mediterranean planktonic gross primary production varied greatly from 0.2 to 9.1 across experiments. Our results can be compared with Q 10 values estimated for temperate planktonic communities, reported to range between 0.69 and 3.03 (Lefevre et al. 1994 ) and with Q 10 values estimated for temperate microplankton, reported to be 2.7 (Li and Dickie 1987) . Overall, Q 10 values for planktonic respiration were higher than for planktonic GPP, consistent with previous observations that Q 10 values for respiration of temperate planktonic communities tend to be higher than for production (Lefevre et al. 1994) . Fig. 3 Frequency distribution for Q 10 values for primary production and community respiration in natural temperate planktonic and benthic communities, and the corresponding mean±SE and median values for this study and for other temperate communities. Data for other temperate communities were derived from Lefevre et al. 1994 , Li and Dickie 1987 , Vaquer-Sunyer et al. 2012 , and Vazquez-Domínguez et al. 2007 The activation energy for planktonic respiration found in this study calculated as the mean of individual activation energies from each experiment (1.17±0.42 eV) is similar to that found for temperate planktonic communities from the Menai Strait (1.17±0.06 eV, Lefevre et al. 1994) and Arctic planktonic communities (1.19±0.21 eV, Vaquer-Sunyer et al. 2010) . Although the activation energy for respiration is consistent with other activation energies for respiration derived from experimental studies, it is higher than the activation energies values calculated from theoretical models, such as that derived by Lopez-Urrutia et al. (2006) , where the predicted activation energy for community respiration was 0.28 ± 0.04 eV, as well as values derived from the relationship between respiration rates, standardized to chlorophyll a concentration, and water temperature for oceanic communities, which derived an activation energy for community respiration of 0.71±0.06 eV (Regaudie-de-Gioux and Duarte 2012). However, the activation energy derived combining all data in a mixed-effect model yields a lower activation energy (0.34±0.36 eV), comparable to that derived in Lopez-Urrutia al. (2006) of 0.28±0.04 eV, and to that derived from natural communities at in situ temperature in the same Bay for the whole ecosystem of 0.27±0.06 eV (Vaquer-Sunyer et al. 2012 ). Here, we observe similar results when comparing averages of individual experiments, as well as when comparing models derived from larger data sets with the mixed effect model.
The use of these two methods (average of single experiments and the use of mixed effects models) allows examination of different aspects of the results. Whereas mixed effects models include all data on a single regression and yield results closer to those expected from theory, highlighting the general patterns over the individual results, the analysis of individual experiments highlights variability in responses showing that in some experiments metabolic rates decrease with warming, contradicting metabolic theory. This observation would have remained hidden if we based our analysis on a mixed model alone. Furthermore, use of individual experiments allows to examine the variability in responses across sites and seasons, whereas the use of mixed effects models examines the general temperature dependence of the metabolic rates. The use of both analyses allow us to compare our results with a wider range of reported values, confirming that differences in Q 10 reported in the literature are dependent on the method used.
Seasonal temperature dependence of community respiration in Cap Salines yield an activation energy of 0.93± 0.17 eV, higher than the one reported by Yvon-Durocher et al. (2012) for estuarine pelagic communities of 0.59 eV.
The Q 10 values for respiration did not differ between sample sites (F=4.86, p>0.05) or between planktonic and benthic community (F=0.51, p>0.05). However, there were statistically significant differences between seasons, with communities having higher Q 10 values in winter than in summer or spring (F=10.08, p<0.05). An extremely high Q 10 value (31.6) was derived for planktonic communities of Cap Salines in February 2007, when the in situ temperature was low (15.5°C) compared to the other experiments. Q 10 values differ considerably depending on the range of temperatures assessed (Berges et al. 2002) , being typically highest at the lower end of the natural temperature range (Pomeroy and Wiebe 2001) . Therefore, the high value derived in February 2007 can be attributed to the fact that the community was growing at the minimum annual temperature at the time of the experiment. Organisms adapt to life within a particular thermal window; when organisms are maintained outside their thermal optimal, oxygen levels in body fluids can decrease as a consequence of excessive oxygen demand at high temperatures or insufficient aerobic capacity of mitochondria at low temperatures (Portner 2001) . Indeed, a number of experiments showed decreased, rather than increased, metabolic rates when these were assessed above 30°C, exceeding the current temperature range of the ecosystems examined. For instance, respiration rates decreased in Portocolom at 34°C (August 2009, Fig. S2 ), a temperature well above the current temperature range in this ecosystem (maximum temperature, 29.6°C; Vaquer-Sunyer et al. 2012).
As Q 10 values did not differ significantly for planktonic or benthic respiration rates, a general mean Q 10 value of 9.1 ±4.5 for respiration of coastal Mediterranean communities can be calculated, leading to a 73 % increase of respiration rates with a 6°C warming. This 73 % increase compares to a 52 % increase for planktonic gross primary production. When considering Q 10 values derived from mixed effects models, the Q 10 value obtained for planktonic respiration (1.59±0.78) would lead to a 24 % increase of planktonic respiration rates with a 6°C warming. This 24 % compares to a 9 % increase for planktonic gross primary production. In contrast, benthic communities showed higher calculated Q 10 for benthic GPP than for community respiration, with a 44 % increase in benthic respiration rates and a 89 % increase in benthic gross primary production with a 6°C warming if considering mean values of individual experiments and a 32 % increase of benthic respiration rates and a 65 % increase of benthic gross primary production with a 6°C warming if considering values derived from mixedeffects models. These results suggest that the stronger temperature dependence of CR compared to GPP may not apply to benthic-dominated systems. However, it is important to note that C. prolifera photosynthesis is inhibited at seawater temperatures above 30°C (Lloret et al. 2008) , affecting ecosystem GPP responses to warming. A 6°C increase will lead to temperatures above 30°C and then reduce photosynthesis of the dominant macroalgae of the benthic community. Indeed, in half of the experiments benthic GPP showed a decrease with warming.
Results reported here show short-term effects and do not reflect possible changes in resource availability. In coastal areas, additional carbon and nutrient sources are available, especially in eutrophic sites as Portocolom, but in the open ocean resources can limit the responses of GPP and CR to warming. López-Urrutia and Morán (2007) showed that bacterial respiration seems to be unaffected by resource limitation, whereas bacterial production strongly depends on resource availability. The response of heterotrophic bacterial metabolism to a warmer ocean will strongly depend on the availability of labile organic carbon derived from primary producers (Sarmento et al. 2010 ).
Climate change probably will impact on species composition of organisms in the plankton community and affect different aspects of the structure and functioning of marine ecosystems (Edwards and Richardson 2004; Hinder et al. 2012; Montoya and Raffaelli 2010) . Microorganisms can also evolve and exhibit evolutionary responses to longterm environmental changes (Lynch et al. 1991 ) and possibly adapt to warmer waters. The experimental results reported here represent the likely physiological impacts of warming on metabolic processes, but ignore the changes that may be derived from a shift in community structure with warming. The power of the results presented here to predict the response of metabolic rates to a warmer Mediterranean Sea is, therefore, limited by the effect of parallel changes in the environment, community structure, or genetic adaptations, which will combine with the physiological responses to warming.
The results reported here support the prediction that Mediterranean warming will increase planktonic respiration rates faster than planktonic primary production. Indeed, primary production can even decrease with warming, as observed in over half of the individual experiments. The ecological consequences of a simultaneous decrease in primary production and increases in respiration rates will be that Mediterranean ecosystems will become net heterotrophic with a tendency to emit CO 2 to the atmosphere and deplete the oxygen pool, possibly rendering Mediterranean coastal ecosystems prone to experience hypoxia.
